Bosentan is well known to induce cholestatic liver toxicity in humans. The present study was set up to characterize the hepatotoxic effects of this drug at the transcriptomic, proteomic, and metabolomic levels. For this purpose, human hepatomaderived HepaRG cells were exposed to a number of concentrations of bosentan during different periods of time. Bosentan was found to functionally and transcriptionally suppress the bile salt export pump as well as to alter bile acid levels. Pathway analysis of both transcriptomics and proteomics data identified cholestasis as a major toxicological event. Transcriptomics results further showed several gene changes related to the activation of the nuclear farnesoid X receptor. Induction of oxidative stress and inflammation were also observed. Metabolomics analysis indicated changes in the abundance of specific endogenous metabolites related to mitochondrial impairment. The outcome of this study may assist in the further optimization of adverse outcome pathway constructs that mechanistically describe the processes involved in cholestatic liver injury.
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Introduction
Bosentan is an endothelin receptor antagonist clinically used for the treatment of pulmonary arterial hypertension (Dingemanse and van Giersbergen 2004; Muller and Milton 2012) . This drug is well known to cause cholestatic liver toxicity as a major side effect, which is triggered, at least in part, by inhibition of the bile salt export pump (BSEP) (Dawson et al. 2011; Fattinger et al. 2001; Kis et al. 2012; Lepist et al. 2014) . In fact, an adverse outcome pathway (AOP) was previously introduced to mechanistically describe the processes that underlie drug-induced cholestatic liver injury (Vinken et al. 2013) . Functional BSEP inhibition is considered as the molecular initiating event (MIE) in this AOP. BSEP inhibition results in toxic concentrations of bile acids piled up in the cytosol of the hepatocytes or in the bile canaliculi, being a first key event (KE). These bile acids evoke the formation of the mitochondrial permeability transition pore, which leads to mitochondrial impairment and the production of reactive oxygen species. Simultaneously, 2 other KEs, namely, oxidative stress and inflammation, are activated in hepatocytes, underlying the direct deteriorative response to BSEP inhibition. This ultimately burgeons into cell death, which is associated with the release of several cytosolic enzymes, such as alkaline phosphatase, in serum (Padda et al. 2011) . In parallel, 3 nuclear receptors are activated, namely, the farnesoid X receptor (FXR), the pregnane X receptor (PXR), and the constitutive androstane receptor (CAR). This KE activates an extensive set of transcriptional changes, targeted towards the increased removal of bile acids and their products from the organism (Wagner et al. 2009; Trauner 2006, 2008) (Suppl. Fig. S1 ).
The objective of the present study is to characterize the hepatotoxic effects of bosentan at the transcriptomic, proteomic and metabolomic levels, and to link this with the established AOP from BSEP inhibition to cholestatic liver injury (Vinken et al. 2013 ) by providing a number of omics-based biomarkers that can substantiate existing or novel KEs. For this purpose, human hepatoma HepaRG cells, a well-established in vitro model to mechanistically study cholestatic responses at the cellular level (BachourEl Azzi et al. 2015; Le Vee et al. 2006; Qiu et al. 2016) , were used as experimental setting.
Materials and methods

Cell culture and chemical treatment
Three different batches of cryopreserved, differentiated human hepatoma-derived HepaRG cells were used (Biopredic International, France) . The cells were cultivated in collagen-coated 24-well plates as described by the supplier's instructions at a density of 0.24 million cells per cm 2 unless otherwise specified. The cells were plated and cultured for 7 days with regular media changes, after which the typical HepaRG cell morphology was obtained. All experiments were started with cells cultured for exactly the same time. Bosentan (Sequoia, UK) was dissolved in dimethyl sulfoxide (DMSO) to prepare a stock solution and was subsequently diluted (1:200) in HepaRG Induction Medium (Biopredic International, France) to obtain the working concentration. The amount of DMSO in all concentrations and their respective controls was 0.5%. For transcriptomics and metabolomics experiments, the cells were exposed for 1 h (1 h), 24 h (24 h), and 24 h with a wash-out period of 72 h (24 h + 72 h) to 3 bosentan concentrations, namely, inhibitory concentration of 10% (IC 10 ), IC 10 /4 and IC 10 /10, based on assessment of cell viability. For proteomics experiments, only IC 10 concentrations were tested at the 3 timepoints. For the determination of BSEP functionality, cells were seeded in 35 mm dishes (Ibidi, Belgium) at a density of 0.21 million cells per cm 2 and further cultured following the supplier's instructions. All exposure experiments were conducted using 3 different cell batches (n = 3) and tests were performed in triplicate (N = 3).
BSEP immunolocalization
HepaRG cells were fixated with 4% paraformaldehyde (Sigma, Belgium) for 10 min and treated with 100 mM glycine (Merck, Belgium) for 15 min. After permeabilization with 0.1% Triton X (Sigma, Belgium) and blocking with 10% donkey serum (Jackson Immuno Research, Belgium), cells were incubated overnight at 4 °C with anti-BSEP primary antibody (74500c) (Santa Cruz, Belgium) (1:200 dilution) followed by incubation with secondary antibody antimouse DyLight 488 (Abcam, Belgium) (1:500 dilution) for 1.5 h at room temperature. Finally, the cells were mounted with Vectashield containing 4′,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Belgium) for nuclear staining and bleaching protection. Fluorescent images were obtained by fluorescence microscopy at 40x magnification (Nikon Eclipse Ti-S, Belgium).
Determination of BSEP functional activity
For the determination of the functional activity of BSEP, HepaRG cells were exposed for 24 h to IC 10 concentration of bosentan prior to exposure for 30 min to the specific BSEP probe tauronor-THCA-24-DBD (excitation/emission wavelength 450/570 nm). The dishes were placed under a Zeiss LSM780 confocal microscope with a temperature control unit set at 37 °C equipped with an EC Plan-Neofluar 40×/1.30 NA Oil DIC M27. Fluorescence images were made at 20× magnification (Zeiss, Belgium). Image analyses for the quantification of fluorescence intensity and area was conducted using the Zeiss Zen Imaging Software.
Determination of cholic acid and glycocholic acid
For the quantification of bile acids, HepaRG cells (i.e. 0.24 million cells per cm 2 ), whether or not exposed to bosentan, were rinsed with cold Hanks' balanced salt solution (HBSS) (Thermo Fisher, Belgium) and subsequently collected using 250 µL cold methanol per well. The cells were kept at − 20 °C until further analyses. Five samples per condition were pooled and centrifuged at 15,000 rpm for 15 min at 4 °C using a Hettich 220R centrifuge (Geldersmalsen, The Netherlands). Then, samples were evaporated to dryness using a Savant Speedvac concentrator (Thermo Scientific, USA) and reconstituted in 100 µL 50/50 MeOH/ammonium buffer (5 mM adjusted to pH 3.6 with acidic acid). The samples were transferred into autosampler vials for subsequent HPLC and MS/MS analysis. The specification of these analyses can be found in supplementary materials and methods 1 (Suppl. MM1).
Viability assay
Subcytotoxic concentrations of bosentan were determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide viability assay (MTT) (Sigma, Belgium) (Mosmann 1983) . MTT was dissolved in phosphate-buffered saline (PBS) (Sigma, Belgium) at a concentration of 5 mg/ml (pH 7.65) and subsequently diluted 10 times with cell culture medium. HepaRG cells were exposed for 24 h to 8 concentrations of bosentan ranging from 20 to 1000 µM. Thereafter, the cells were rinsed with PBS and incubated with the MTT solution for 1.5 h at 37 °C in a 5% CO 2 atmosphere. The resulting dark blue formazan crystals were dissolved in DMSO while shaken on an orbital shaker (VWR, Belgium) for 10 min at room temperature in the absence of light. The solution was measured with a spectrophotometer (PerkinElmer, Belgium) at 560 ± 10 nm. Cytotoxicity was conversely correlated with the measured absorbance. The IC 10 concentration value at 24 h was determined using a 5-parameter logistic nonlinear regression analysis of the obtained dose-response curves. This analysis was performed with the Masterplex Readerfit 2010 software (Hitashi Solutions, USA). The resulting IC 10 or IC 10 /4 and IC 10 /10 concentrations were used in all further experiments.
Transcriptomics analysis
At the time of sampling, HepaRG cells were collected in a RNA protecting solution composed of RNA stabilization reagent (Qiagen, Belgium) and cell culture medium (5:1). Total RNA was extracted from all samples using a GenElute Mammalian Total RNA Purification Miniprep Kit (Sigma, Belgium) according to the manufacturer's instructions. Purity and quantification of the isolated RNA were determined by spectrophotometric analysis using a Nanodrop spectrophotometer (Thermo Scientific, Belgium). Microarray technologies from Affymetrix (Germany), including reagents and instrumentation, were used for whole genome expression analysis. As such, 100 ng total RNA per sample was amplified using a Genechip 3′ IVT Express Kit following the manufacturer's instructions (Affymetrix, Germany). Amplified RNA was purified with magnetic beads and 15 mg biotin-amplified RNA was treated with the fragmentation reagent. Subsequently, 12.5 µg fragmented amplified RNA was hybridized to Affymetrix Human Genome U133 plus 2.0 arrays and placed in a Genechip Hybridization Oven-645 (Affymetrix, Germany) rotating at 60 rpm at 45 °C for 16 h. After incubation, the arrays were washed on a Genechip Fluidics Station-450 (Affymetrix, Germany) and stained with an Affymetrix HWS kit as indicated in the manufacturer's protocols. The chips were scanned with an Affymetrix GeneChip Scanner-3000-7G and quality control matrices were confirmed with the Affymetrix GCOS software following the manufacturer's guidelines. Background correction, summarization and normalization of all data were done with Robust Multiarray Analysis (RMA software), Affymetrix Transcriptome Analysis Console (TAC) Software and Partek Genomics Suite 6.6. Principal component analysis (PCA) plots were produced using Partek Genomics Suite 6.6. Functional toxicological analyses were performed using Ingenuity Pathways Analysis (IPA) and Partek Genomics Suite 6.6. Unless otherwise specified, the statistical thresholds for identification of significant modulated genes was set using Fisher's Exact test (p < 0 0.05) when using IPA and 1-way analysis of variance (ANOVA) (p < 0 0.05) when using Partek Genomics Suite 6.6 and TAC.
Proteomics analysis
The specification of sample preparation for proteomics analysis is outlined in detail in the supplementary materials and methods 2 (Suppl. MM2).
Cell lysis, determination of protein concentration, and carbamidomethylation
HepaRG cells, whether or not treated with bosentan, were harvested and lysed with 200 µL of 50 mM Tris-HCl (pH 7.8) containing 150 mM NaCl, 1% sodium dodecyl sulphate (SDS), complete mini ethylenediaminetetraacetic acid (EDTA)-free inhibitor and phosSTOP (Roche Diagnostics, Germany). The samples were frozen immediately after collection and were kept at -80 °C until further processing. Upon thawing, 6 µL of benzonase (25 U/µL) and 2 mM MgCl 2 (Merck, Germany) were added to the lysates and incubated at 37 °C for 30 min. Samples were clarified by centrifugation at 4 °C and 18,000g for 15 min. Protein concentration of the supernatant was determined by a BCA assay (Thermo Scientific, Germany) according to the manufacturer's protocol. Cysteines were reduced with 10 mM dithiothreitol (Roche Diagnostics, Germany) at 56 °C for 30 min followed by alkylation of free thiol groups with 30 mM iodoacetamide (Sigma Aldrich, Germany) at room temperature in the dark for 30 min.
Sample preparation and trypsin digestion
Sample preparation and proteolysis with trypsin were performed using filter aided sample preparation (FASP) protocol (Manza et al. 2005; Wisniewski et al. 2009 ) with minor changes. Thus, generated tryptic peptides were acidified (pH < 3) with trifluoroacetic acid and were quality controlled as described previously (Burkhart et al. 2012) .
iTRAQ 8plex labeling, phosphopeptides enrichment and high pH reversed phase (RP) fractionation
Per sample, 50 µg of peptides were labelled using iTRAQ reagents (8plex) (Ross et al. 2004) according to the manufacturer's instructions (AB SCIEX, Germany). After labeling and pooling of samples, the multiplexed sample (i.e. 350 µg) of each experiment was subjected to the enrichment of phosphopeptides based on the TiO 2 chromatography protocol as previously described (Dickhut et al. 2014; Palmisano et al. 2012) . For complete proteome analysis, the flow-through of each experimental timepoint from the TiO 2 chromatography, which mostly consists of non-phosphorylated and unmodified peptides, was fractionated (i.e. 25 µg) by reversed phase chromatography at pH 8.0 on a Biobasic (C18; 0.5 × 150 mm; 5 µm particle size) column using an UltiMate 3000 LC system (Thermo Scientific, Germany). In total, 12 fractions were collected at 1 min intervals from min 10 to 80 in a concatenation mode.
LC-MS/MS analyses
All samples (i.e. global proteome) were dried completely, resolubilized in 15 µL of 0.1% trifluoroacetic acid (TFA) and were analysed by nano-LC-MS/MS using an Ultimate 3000 nano RSLC system coupled to a Q Exactive HF mass spectrometer (Thermo Scientific, Germany). HPLC and MS settings are described in detail in supplementary material and methods 2 (Suppl. MM2).
MS data analysis and evaluation
All iTRAQ raw data were processed with Proteome Discoverer 1.4 (Thermo Scientific, Germany). To maximize the number of peptide-spectrum matches (PSMs), 3 different search algorithms were included, namely, Mascot (Perkins et al. 1999) , Sequest (Eng et al. 1994 ) and MS Amanda (Dorfer et al. 2014 ) using the same set of parameters, namely, precursor and fragment ion tolerances of 10 ppm and 0.02 Da for MS and MS/MS, respectively; trypsin as enzyme with a maximum of 2 missed cleavages; carbamidomethylation of Cys, iTRAQ -8plex on N-terminus and Lys as fixed modifications; oxidation of Met, phosphorylation (only for the phosphoproteome data) of Ser, Thr and Tyr as variable modifications. For the phosphoproteome data analysis, the phosphoRS (Taus et al. 2011 ) (version 3.1) node was used to score localization probabilities for the identified phosphorylation sites. Global data were exported with the following filter criteria: a false discovery rate (FDR) < 1% on the peptide-spectrum-match level (high confidence setting), search engine rank 1 and only proteins that were quantified with ≥ 2 unique peptides. For the phosphoproteome data, only unique PSMs filtered with Percolator (Kall et al. 2007 ) (FDR < 1%) and with a phosphoRS probability ≥ 90% were considered. Normalization of raw iTRAQ data and subsequent statistical evaluation are described in detail in supplementary material and methods 2 (Suppl. MM2).
Metabolomics analysis
For metabolomics analysis, 550 µL culture medium and 50 µL 11.6 mM 4,4-dimethyl-4-silapentane-[1,1,2,2,3,3-2H6]-1-ammonium trifluoroacetate (Onyx Scientific Limited, UK) in deuterium oxide as internal standard were mixed and transferred to glass 5 mm nuclear magnetic resonance (NMR) tubes. High-resolution 1 H NMR spectra of cell culture media were acquired at 14.1 T (600.13 MHz 1H frequency) using a Bruker AVANCE 600 spectrometer (BrukerBiospin, Germany). All spectra were acquired using a Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence with presaturation and a T2 relaxation delay of 32 ms. The sum of 64 free induction decays was collected into 64 K datapoints with a spectral width of 12,019.230. After acquisition, exponential line broadening of 0.3 Hz was applied prior to Fourier transformation. 1 H NMR spectra were then imported and manipulated in Matlab (Mathworks, USA) using in-house codes for automatic phasing, baseline correction and integration. Chemical shifts were referenced to the DSA resonance at δ0. The observed resonances were assigned to specific metabolites by database matching using the Chenomx NMR suite (Chenomx Incorporated, Canada) and the Human Metabolome Database.
Results
Selection of working concentrations of bosentan
Working concentrations of bosentan were assessed by means of a conventional MTT viability assay, whereby HepaRG cells were exposed for 24 h to a range of bosentan concentrations going from 20 to 1000 µM. The calculated values for IC 10 and IC 50 concentrations were 250 ± 55 and 744 ± 197 µM, respectively. To establish concentration/effect relationships, 3 concentrations of bosentan were tested in subsequent experiments, namely, 250 µM (IC 10 ), 62.5 µM (IC 10 /4) and 25 µM (IC 10 /10). Similarly, 3 exposure regimes were applied, namely, 1 h exposure, 24 h exposure and 24 h exposure followed by a 72 h wash-out period. The 1 h exposure condition was based upon the previously published observation that bosentan can affect bile acid transport in primary hepatocytes already after 10 min (Kemp et al. 2005) . The rationale of the wash-out step was to test the reversibility of the effects induced by bosentan.
In a first series of experiments, HepaRG cells were exposed to the 3 concentrations of bosentan in the 3 exposure regimes, followed by transcriptomics and metabolomics analyses. Based on the obtained transcriptomics results, the conditions for which the highest gene expression changes were observed were used in a second set of experiments. HepaRG cells were hereby only exposed to IC 10 concentration for 1, 24 and 24 h followed by the 72 h wash-out period. For these experimental conditions, proteomics analyses were performed. For analysis of BSEP functionality as well as for the determination of endogenous bile acid levels, HepaRG cells were exposed to IC 10 concentration for 24 h.
Characterization and induction of the MIE
The cellular localization of BSEP in differentiated human hepatoma HepaRG cells was evaluated by immunostaining. As anticipated, BSEP was localized at the bile canalicular pole of the hepatocyte-like cells (Fig. 1a) . This result confirms previously published findings showing the presence of this drug transporter in HepaRG cells and the suitability of this hepatic cell line for studying drug-induced cholestasis (Bachour-El Azzi et al. 2015; Le Vee et al. 2006; Qiu et al. 2016 ). The expression of ABCB11 (BSEP) was unchanged when the cells were exposed to bosentan for 1 h. However, when the exposure time was increased to 24 h, a significant downregulation was observed for the 2 highest concentrations (Fig. 1b) . After the 72 h wash-out period, BSEP abundance remained significantly lower in the cells 2 ) in HepaRG cell pellets of control samples and samples from cells exposed to bosentan exposed to IC 10 concentration compared to control samples. For cells exposed to IC 10 /4 concentration, gene expression returned to normal levels. Noteworthy, exposure to the lowest concentration did not influence ABCB11 expression at any timepoint. The downregulation of ABCB11 may have been caused by a compensatory effect in which inhibition of BSEP leads to a reduction in the expression of ABCB11. Downregulation of BSEP expression has also been observed in precision-cut human liver slices exposed to cholestatic compounds (Vatakuti et al. 2017) .
Functional BSEP inhibition was observed in HepaRG cells exposed for 24 h to IC 10 concentration. Untreated controls showed a much higher accumulation of the BSEP probe substrate tauronor-THCA-24-DBD in the bile canaliculi compared to the cells exposed to bosentan (Fig. 1c) . Although this effect was evident, the inhibition of BSEP was not absolute, as bile canalicular structures in the bosentantreated cells still showed some accumulation of the fluorescent probe substrate. Quantification of fluorescence intensity of the BSEP probe substrate in bile pockets, and determination of the bile pocket area in untreated cells and cells exposed to bosentan (24 h/IC 10 concentration), confirmed a decrease in BSEP functionality (Fig. 1d) .
The accumulation of 2 bile acids, namely, cholic acid (CA) and glycocholic acid (GCA), was determined in HepaRG cell pellets of control samples and samples from cells exposed to bosentan (24 h/IC 10 concentration). Total CA and GCA concentrations were lower in the bosentan-treated samples compared to control samples (Fig. 1e) . Overall, these results are consistent with pronounced interference of bosentan with handling of endogenous bile acids in HepaRG cells. Yet, it must be emphasized that no distinction could be made between intracellular accumulation and accumulation in bile pockets as total bile acid concentrations were determined, thus reflecting the sum of the intracellular and intracanalicular levels.
Characterization and occurrence of the KEs
PCA evaluation of whole genome microarray data showed no differences among the different tested cell batches. The highest source of variation in the data pool was introduced by different exposure times as shown by the selective grouping of the 1, 24 and 24 + 72 h wash-out samples (Fig. 2a) . In addition, a clear shift with increasing bosentan concentration could be noticed in the 24 h exposure samples. This also held true for the 1 h exposure samples, albeit in a less pronounced way. On the contrary, no distinction could be made between different bosentan concentrations in the 24 h + 72 h wash-out samples (Fig. 2a) . The number of bosentan-modulated genes (i.e. fold change higher than 2 when compared to respective controls and Fisher's p < 0.05) was limited after 1 h exposure and reached a maximum after 24 h of exposure. A wash-out period of 72 h reverted the effects to baseline levels (Fig. 2b) . Cluster analysis, based on significantly expressed genes in the different tested conditions, showed that transcriptional modifications induced after 24 h exposure to IC 10 concentration strongly differed from those observed in the other experimental conditions (Suppl. Fig.  S2 ). Within the 24 h exposure samples, IC 10 and IC 10 /4 concentration data showed a high pattern similarity, whereas the IC 10 /10 concentration data displayed only small variations compared to the control samples. Furthermore, the close proximity of the 24 h + 72 h wash-out samples to the 24 h exposure control samples in the clustering dendogram suggests a return to basal gene expression levels upon wash-out (Suppl. Fig. S2 ).
Functional pathway analysis of the modulated genes indicated the induction of a number of specific hepatotoxic responses in a concentration-dependent way (Table 1) . In this respect, "liver cholestasis" was the most significantly enriched gene class followed by "liver necrosis" and "liver damage". Exposure to the highest concentration of bosentan consistently triggered the highest number of transcriptional (Table 1) . Particularly, HepaRG cells exposed for 24 h to IC 10 concentration showed a high significant enrichment of genes of the "liver cholestasis" gene class (Table 1) .
As predicted by the AOP, the inhibition of BSEP, in casu provoked by bosentan, leads to activation of the nuclear receptors FXR, PXR and CAR (Vinken et al. 2013) . This activation induces a number of transcriptional changes that are linked to the removal of the excess of bile acids and their metabolites. When activated, FXR translocates to the nucleus, where it forms a dimer with RXR, which binds to the hormone response elements in specific gene promoters leading to modulation in transcriptional activity (Beuers et al. 2015; Forman et al. 1995) . In this context, Table 2 shows genes regulated by active FXR-RXR dimers in HepaRG cells exposed for 24 h to IC 10 concentration. Six transcriptional changes induced by the activation of the nuclear receptors were reproduced in compliance with AOP prediction (Fig. 3b ). More specifically, 4 genes (OSTBETA, ABCC2 (MRP2), CYP2B6 and CYP3A4) were upregulated and 2 genes (CYP7A1 and SLCO1B1 (SLCO1B1)) were downregulated (Suppl . Table S2 ). These changes are part of the adaptive cellular response that aims at counteracting the primary cholestatic insults induced by bosentan. It should be mentioned that murine CYP2B10 included in the AOP was replaced during this analysis by its human counterpart CYP2B6. Modulation of OSTALPHA, UGT2B4, SULT2A1 and ABCC3, which are also under control of the activation of the same nuclear receptors, was inconsistent with the AOP (Suppl. Table S2 ). The reason for this discrepancy is unknown and deserves further scrutiny.
Importantly, the microarray analysis equally revealed a number of transcriptional changes that have not yet been included in the AOP. As such, the expression of the genes Fig. 3 Heat map of NR1H4, NR1I2 and NR1I2 genes representing the downregulation of FXR, PXR and CAR in HepaRG cells exposed to bosentan (24 h/IC 10 concentration) (a). Heat map of a selection of modulated genes in HepaRG cells exposed to bosentan (24 h/IC 10 concentration) that correctly represent the corresponding KE of the AOP for cholestatic liver injury (Vinken et al. 2013) (b) . Heat map of tumor necrosis factor (TNF), interleukin 6 (IL6) and interleukin 8 (IL8) in HepaRG cells exposed to bosentan (24 h/IC 10 concentration) (c) coding for PXR, FXR and CAR, namely, NRIH4 (1.2-fold), NR1I2 (2.4-fold) and NR1I3 (2.4-fold), respectively, was significantly downregulated (Fig. 3a) . Suppression of FXR expression has also been observed in precision-cut human liver slices exposed to cholestatic compounds (Vatakuti et al. 2017) . This probably reflects a compensatory response to their functional activation. Downregulation of FXR production was previously observed in human cholestasis (Alvarez et al. 2004; Chen et al. 2004; Demeilliers et al. 2006) as well as in murine cholestasis models (Szalowska et al. 2013) . FXR is a mediator of bile acid synthesis, but also controls the expression of alcohol dehydrogenases (ADH). Its downregulation in cells exposed to bosentan is further propagated and can indeed be observed by the downregulation of several isoforms of ADH. These enzymes are known to play a direct role in bile acid biosynthesis (Langhi et al. 2013) . In parallel, several isoforms of ADH have been identified by selecting only those genes that are consistently modulated in cells exposed to different concentrations of bosentan. Hereby, a set of 37 genes was identified that might be specific for druginduced hepatotoxicity (Fig. 2B and Suppl. Table S3 ). Several of these transcriptional changes (8 out of the 37 genes) were parallelled by similar modifications at the protein level (Table 3 ). This list also contains fatty acid binding protein, which was downregulated. A downregulation of this gene has been previously reported to contribute to hepatic oxidative stress and consequently to the pathogenesis of biliary disease (Wang et al. 2007 ). The enhanced transcription of genes coding for proinflammatory tumor necrosis factor (TNF), interleukin 6 (IL6) and interleukin 8 (IL8) were observed in HepaRG cells treated with bosentan, thereby suggesting induction of oxidative stress and inflammation (Fig. 3c) . Simultaneously, several genes related to the production of reactive oxygen species (ROS) were also found to be upregulated, while those that counteract oxidative stress were downregulated (Suppl. Fig. S4 ). As such, activation of production of ROS was mainly modulated by an upregulation of thioredoxin reductase 1 (TXNRD1), glutamate-cysteine ligase catalytic subunit (GCLC), metallothionein 1X (MT1X), heme oxygenase 1 (HMOX1), NAD(P)H quinone dehydrogenase 1 (NQO1) and superoxide dismutase 2 (SOD2) (Suppl. Fig.  S4 ). In parallel, the repression of ROS producing systems is supported by the downregulation of nuclear factor I X (NFIX) and xanthine dehydrogenase (XDH), which contribute to the inhibition of oxidases (Morel and Barouki 1999) .
Several transcriptomics findings were confirmed by proteomics analysis. Using iTRAQ technology, 3578, 3698 and 3500 proteins (with ≥ 2 unique peptides and 1% FDR) could be relatively quantified in HepaRG cells exposed to IC 10 concentration for 1, 24 and 24 h + 72 h wash-out, respectively. Of these, 3 (~ 0.08%), 145 (~ 4%) and 109 (~ 3%) proteins were differentially altered at the respective timepoints. The correlation between the obtained proteomics and transcriptomics data was determined using log2-fold change data to calculate Pearson's r coefficient. The 24 h exposure and the 24 h + 72 h wash-out samples showed the highest correlation, with Pearson's r coefficient values of 0.4534 and 0.2937, respectively (Suppl. Fig. S3 ). On the contrary, for the 1 h exposure samples, a low correlation coefficient of 0.0399 between transcriptomics and proteomics data was found. The latter can be due to insufficient time between evaluation of gene modulation and the corresponding translational changes.
Functional pathway analysis of the identified proteins showed the enrichment of toxicological classes "cholestasis" and "intrahepatic cholestasis" in HepaRG cells exposed for 24 h to the highest concentration of bosentan. Hereby, 22.8% and 40.9%, respectively, of the molecules in each toxicological gene class were modulated (Suppl . Table S1 ). These proteomics data support the transcriptomics findings and clearly show the occurrence of the cholestatic cellular response in HepaRG cells exposed to bosentan.
Compared to the transcriptomics and proteomics data, the number of the identified endogenous metabolites by metabolomics analysis of the cell supernatants was relatively low. Nevertheless, some of the identified metabolites were significantly modulated in HepaRG cells exposed to the highest concentration of bosentan. Thus, a concentrationdependent increase was noticed for 3-methyl-2-oxovalerate, carnitine, acetate, acetoacetate and lactate. Additionally, reduced amino acid uptake, in particular for leucine and isoleucine quantification, was observed (Fig. 4) . These findings collectively point to mitochondrial impairment caused by bosentan and, therefore, corroborate with mitochondrial permeability pore transition, which is a KE of the AOP (Labbe et al. 2008; Lynch and Adams 2014; Vinken et al. 2013 ). 3-Methyl-2-oxovalerate is a metabolite of isoleucine that belongs to the branched chain amino acid metabolites (BCAA). BCAA metabolites are often associated with mitochondrial dysfunction, stress signalling and apoptosis (Lynch et al. 2014) . The reduced amino acids leucine/isoleucine quantities further suggest their catabolism towards BCAA metabolites, hereby also pointing to mitochondrial dysfunction. Carnitine, which is a non-essential amino acid, is responsible for carrying fatty acids across the inner Fig. 4 Alterations in metabolite production detected by NMR spectroscopy of media from HepaRG cells exposed to bosentan (24 h/IC 10 concentration) compared to control samples (**Student t test p < 0.01; ***Student t test p < 0.001) mitochondrial membrane for β-oxidation (Bremer 1983) . A correlation exists between plasma concentrations of carnitine and mitochondrial dysfunction (Adeva-Andany et al. 2017) . The observed increased levels of acetate and lactate indicate a higher rate of glycolysis and hence impairment of fatty acid oxidation in mitochondria. The increase of acetoacetate levels again suggests a decrease in mitochondrial function (Begriche et al. 2011 ).
Discussion
The goal of the present study was to characterize the hepatotoxic effects of the drug bosentan at the transcriptomic, proteomic and metabolomic levels in vitro and to anchor this in the previously introduced AOP on cholestatic liver injury (Vinken et al. 2013) . A number of in vitro models are currently in use to study cholestatic liver injury, among which human hepatoma HepaRG cells. Cholestatic responses can be triggered in human hepatoma HepaRG cells by exposure to cholestatic drugs alone, in casu bosentan, without exogenous addition of high concentrations of bile acids (Burbank et al. 2017; Sharanek et al. 2016) . Therapeutic oral doses of bosentan typically vary around 125 mg twice a day, corresponding with clinical C max/total values up to 7.5 µM (Chatterjee et al. 2014; Dingemanse and van Giersbergen 2004) . Although this value is 10 times lower than the concentrations necessary to inhibit BSEP, cholestasis may still occur during therapy (Dawson et al. 2011; Lepist et al. 2014) . Most likely, this is due to active uptake and accumulation of bosentan in hepatocytes, thereby locally increasing its concentration in the liver (Muller and Milton 2012) . Therefore, the actual concentration in hepatocytes that causes cholestatic injury in vivo is thought to be considerably higher than C max/total and might be within the concentration range tested in the present in vitro study, namely, 250 µM (IC 10 ), 62.5 µM (IC 10 /4) and 25 µM (IC 10 /10). Several studies have been conducted to demonstrate that HepaRG cells express the transporters and enzymes involved in bile acid disposition in hepatocytes in vivo, although differences in expression and activity levels exist (Bachour-El Azzi et al. 2015) . Moreover, in a recently conducted in vitro study (Sharanek et al. 2015) , HepaRG cells were shown to support endogenous bile acid synthesis and bile acid disposition processes. These findings justified the use of HepaRG cells in the present study to explore the expected interference of bosentan with bile acid homeostasis. It was found that accumulation of the marker bile acids CA and GCA in the combined intracellular and intracanalicular compartments of HepaRG cells was very low. This result is in agreement with the data by Sharanek and colleagues (Sharanek et al. 2015) , reporting undetectable accumulation in HepaRG cells at the 24 h timepoint. The higher sensitivity of the bioanalytical method used in the present study can explain this difference. Interestingly, treatment of the HepaRG cells with bosentan induced a very pronounced reduction in the accumulated amounts of both CA and GCA. Recognizing the known effects of bosentan on both sodium-taurocholate cotransporting polypeptide (NTCP) and BSEP as well as on OATPs provides a good starting point for interpretation of the observed effect of bosentan. Lepist and group (Lepist et al. 2014) reported IC 50 values for inhibition of hepatic transporters by bosentan, namely, organic anion transporter 1B1 OATP1B1 (5.0 µM), OATP1B3 (5.2 µM), NTCP (36 µM) and BSEP (42 µM). This non-selective profile of bosentan in terms of inhibition of transporters involved in hepatic bile acid handling implies that exposure of HepaRG cells to bosentan will eventually result in reduced cellular uptake of bile acids as well as reduced canalicular efflux of bile acids. Although the IC 50 value for BSEP inhibition by bosentan is relatively high, it should be noted that intracellular accumulation of bosentan will most likely result in intrahepatic concentrations that are sufficiently high to cause BSEP inhibition even at therapeutically relevant concentrations. This concept is also in line with in vitro data obtained in sandwich-cultured human hepatocytes, indicating an intracellular to extracellular bosentan concentration ratio of more than 10-fold for an extracellular dose concentration of 10 µM (Lepist et al. 2014) . Importantly, the experimental setup used in the present study likely did not provide the most sensitive approach to indirectly detect BSEP inhibition, as bile acids levels were determined on cell lysates, including canaliculi. In other words, shifts in bile acid levels between canaliculi and cells are not expected to be observed. On the other hand, as bosentan also influences bile acid uptake, intracellular bile acid levels are likely to gradually shift to the extracellular medium at the expense of intracellular levels. Indeed, as bile acids are effluxed to the medium by sinusoidal efflux transporters, including MRP3 and organic solute transporter α and β (OSTα/β), re-uptake will be blocked by bosentan due to NTCP and OATP1B1/3 inhibition. Furthermore, bile acids that had accumulated in bile pockets prior to addition of bosentan will be gradually released in the extracellular medium via bile canalicular contraction (Reif et al. 2015) . Again, NTCP and OATP1B1/3 inhibition by bosentan will result in decreased re-uptake of these bile acids. Taken together, the inhibition of hepatic bile acid uptake by bosentan is expected to result in a shift of the total bile acid pool in the cell cultures from intracellular to extracellular. This scenario is fully consistent with the observations in the present study. Moreover, the present observation of reduced CA and GCA levels in HepaRG cells exposed to bosentan is completely in line with previously reported findings in sandwich-cultured human hepatocytes, namely, that total GCA accumulation at 24 h was reduced by three-to sixfold in the presence of 10-100 µM bosentan (Lepist et al. 2014 ). In the same study, similar effects were seen for glycochenodeoxycholic acid. In a more recent study (Burbank et al. 2017) , exposure of HepaRG cells to 10-100 µM bosentan also resulted in a pronounced decrease in cellular levels of total bile acids, including CA and GCA, both at the 4 and 24 h timepoints. It is noteworthy that a reduction in bile acid levels has also been observed previously in HepaRG cells exposed to the cholestatic compound cyclosporin A (Sharanek et al. 2015) . In view of the known effects of bosentan and cyclosporin A on multiple hepatic transporters, the findings of the present study as well as previous results confirm the importance of evaluating the possible influence of cholestatic drugs on all bile acid transporters, not just BSEP. Further experiments, at multiple earlier timepoints, and including determination of additional bile acids, if detectable in the cell cultures, also in the extracellular medium, will be required to generate evidence for this hypothesis regarding the in vitro interaction of bosentan, and other cholestatic compounds, with bile acids.
In analogy with the established AOP from BSEP inhibition to cholestatic liver injury (Vinken et al. 2013) , the KEs picked up in the present study reflect a deteriorative cellular response and an adaptive cellular response (Fig. 5) . The main MIE is the inhibition of BSEP, which mediates efflux of bile acids from the hepatocyte cytosol into the bile canaliculi (Vinken et al. 2013 ). BSEP inhibition is indeed frequently linked to the clinical manifestation of cholestasis (Dawson et al. 2011; Kis et al. 2012) . As expected, exposure to bosentan inhibited BSEP functionality in the established human hepatoma-derived HepaRG cell culture system, as evidenced by lower accumulation of a fluorescent probe substrate tauro-nor-THCA-24-DBD, which is specifically transported by BSEP. This is in line with data published by other groups who tested bosentan in sandwich-cultured primary hepatocytes (Chatterjee et al. 2014; Hartman et al. 2010; Lepist et al. 2014) . It was also observed that the expression of the BSEP gene ABCB11 was downregulated in HepaRG cells exposed to the highest concentrations of bosentan. The altered expression of ABCB11 by BSEP inhibitors has been previously associated with drug-induced cholestatic liver toxicity (Garzel et al. 2014 ). Furthermore, it should be stressed that adverse effects are rarely induced by merely 1 trigger. In this respect, BSEP inhibition does not necessarily lead to cholestasis and, vice versa, cholestasis is not always associated with BSEP modulation. Rather, drugs tend to simultaneously inhibit a number of transporters in addition to BSEP, which synergistically triggers cholestatic injury (Köck et al. 2014; Mita et al. 2006) . Bosentan was (Vinken et al. 2013) indeed found to negatively affect the activity of multidrug resistance-associated protein 2 (MRP2) in HepaRG cells (Suppl. MM3; Suppl. Fig. S5 ). In fact, in follow-up initiatives of the present study, the proposed AOP will be further elaborated to establish a so-called AOP network, which includes multiple MIEs. Unlike individual AOP constructs, such AOP networks provide a better reflection of the in vivo complexity of toxicological effects (Vinken et al. 2017 ). In addition, the next series of experiments will include several additional cholestatic drugs as well as alternative BSEP inhibitory strategies, such as RNA interference technology. This will allow to test the overall validity of the results of the present study, using only bosentan, which may also cause toxicity through mechanisms not related to BSEP inhibition or cholestasis as such, as well as to challenge the robustness of the AOP on cholestatic liver injury.
